An adaptive operation strategy for on-demand control of DMFC system is pro- study shows a rapid response of DMFC system to the operational adjustment, which further validates the effectiveness and feasibility of the adaptive operation strategy in practical applications. The proposed strategy contributes to a guideline for the better control of output voltage from operating DMFC systems.
Integrated with this model, the multi-objective optimization method is utilized to develop an adaptive operation strategy. Although the voltage instability is frequently encountered in unoptimized operations, the voltage deviation is successfully decreased to a required level by adaptive operations with operational adjustments. Moreover, the adaptive operations are also found to be able to extend the range of operating current density or to decrease the voltage deviation according to ones requirements. Numerical simulations are implemented to investigate the underlying mechanisms of the proposed adaptive operation strategy, and experimental adaptive operations are also performed on another DMFC system to validate the adaptive operation strategy. Preliminary experimental
Introduction
Direct methanol fuel cell (DMFC) has emerged in recent years as a promising power source for various kinds of electronic devices [1, 2] . It can provide high energy density and almost instant recharging with simple system configurations [3] . But to move towards real-time operations of DMFCs that meet a commercially acceptable standard, further improvements are still needed especially in the fields of systematic stability. During the past decades, lots of research efforts have been dedicated to enhance the system stability in DMFCs by improving the catalyst loading [4, 5] , the fuel cell structure [6, 7] and the fuel delivery system [3, 8] , etc.
As the working current usually varies in a wide range, one problem that received relatively less attention is the voltage instability. Because of the polarization effect, the over-potential phenomenon is normally inevitable. An obvious voltage deviation is often encountered, even if the DMFC was assumed to be operated in the theoretical ohmic loss range [8, 9] . Many published experimental results have shown that the output voltage could be very sensitive to a small variation of current density [2, 5, 6, 7] . Although a voltage stabilizer can be system [23] . Although the effects of operating conditions, such as temperature, methanol concentration and solution/air flow rates, on the DMFC performance can be well estimated using those existing models [24, 25] , an adaptive operation strategy that optimally controls the operating conditions can still be necessary for the enhancement of voltage stability in practical applications.
An adaptive operation strategy was developed to enhance the voltage stability in DMFC systems, and a systematic study about the performance and underlying mechanisms of this strategy was performed. In Section 2, the procedure of strategy establishment and the details about the applied methods, ranging from the experimental set-up, semi-empirical model to the numerical techniques, were all presented. In Section 3, the theoretical and experimental results were systematically provided to study the necessity, feasibility and superiority of the proposed strategy, and the numerical simulations were also performed to investigate the underlying mechanisms. Conclusions and perspectives were summarized in Section 4
Methods and models
The adaptive operation strategy was developed based on the integration of analytical, experimental and numerical techniques. Firstly, experimental study was performed on the platform of a single-cell DMFC stack. The I-V relationships of this stack were recorded as the main operating parameters were changed according to the uniform design principal. A simplified semi-empirical model was then proposed to quantitatively describe the DMFC performance through careful analysis on the experimental data. Based on the semi-empirical model, the adaptive operation strategy was developed using multi-objective optimization method. The numerical model that was used to investigate the underlying mechanism of the energy conversion process in adaptive DMFC operations was also presented. Experimental set-up is shown in Fig. 1 concentration detector (JA500-CO2-IR1). Four main operating parameters were considered in experimental study, including the working temperature (T ), the methanol concentration (C M ), the input flow rates of feed methanol solution (F M ) and the air (F A ). The values of the operating parameters, which were selected based on literature review and practical experience, are summarized in Table 1 . In order to consider the influence of operating parameters on the output voltage, a systematic experimental work was designed based on the principal of uniform design [26] . As five different levels of each operating parameter were selected, 65 experimental tests were performed for the four main operating parameters, 45 of which are decided by uniform design, and the other 20 ones are the supplementary test cases for the analysis of DMFC performance degradation. All the operating parameters for these uniform-designed experimental cases were summarized in Table 2 . 
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Semi-empirical model
Since the degradation of DMFC performance was observed in experiments, a linear regression method was applied in the collection process of experimental data [22, 27] . Careful investigation was implemented to analyze the compensated experimental data, and a semi-empirical model can be deduced to describe the relationship between the operating parameters and the output voltage.
A semi-empirical model was developed to quantify the influence of main operating parameters on the DMFC output in our previous study [21, 22] , but it contains a large number of undetermined coefficients and the adaptation work usually involves a large amount of computations. Based on the electrochemical theory, a simplified semi-empirical model with less undetermined coefficients was proposed in the present study. It can be expressed as,
where V cell is the output voltage from full cell, j denotes the current density, and the operating parameters T , C M , F M , F A are defined as mentioned above. The 24 undetermined coefficients can be identified from those compensated experimental data using a non-linear regression method, which are k 1 = −3.7534, k 2 = −3.1534, k 3 = 6.6200, k 4 = −0.7499, k 5 = 6.9897, k 6 = 916.91, k 7 = −4.6392, 
Adaptive operation strategy
Large voltage deviation is frequently encountered in unoptimized DMFC operations ( Fig. 3 ). It can not only worsen the performance of control system, but also increase the difficulty in the practical applications of DMFC systems.
In practical use, the required output voltage V set and the range of operating An adaptive operation strategy is thus proposed. Its main idea is to adjust the operating parameters of a working DMFC system to fulfill the requirement of a small voltage deviation in a large range of working current density. Such a realtime adjustment brings out a switch of I-V curves, therefore, the performance of this modified DMFC operation need to be described by an integration of serval I-V curve sections.
With the objectives to decrease the voltage deviation a% and to enlarge the interval of current density j interval , the adaptive operation strategy is designed to use the multi-objective optimization method [28] to freely adjusting the operating parameters to generate a required output voltage V set in the desired range of current density [j min , j max ]. The objective function can be expressed as,
where x denotes a random series of operating parameters (i.e., [T,
w 1 and w 2 are the weighting factors of the two objectives which are adaptively assigned to a specific DMFC system. Using the genetic algorithm, different sections of I-V curves, that correspond to different intervals of current density, can be searched and determined by varying the operating parameters x, and then they are connected to generate the integrated I-V curves. The switch from one I-V curve section to another can be fulfilled by the adjustment of operating parameters. As shown in Fig. 3 , the optimization result is as an integration of more than one I-V curve sections, which ensures the desired voltage deviation in a required range of operating current density.
Numerical model
A three-dimensional numerical model was developed and validated to experimental results in our previous studies [22, 23] . It was designed by integrating the governing equations of continuity, momentum conservation, species transport and electrochemical phenomena. It has been successfully applied to investigate the energy conversion process in a DMFC system [23] , which is just the same one as that we used in the present study. Therefore, this well-developed numerical model is adopted in the present study to investigate the underlying mechanisms of the adaptive operation strategy. For simplicity and concision, more details about the numerical model were not contained here, which can be available in Ref. [22, 23] . in unoptimized experimental process, for which the operating conditions are summarized in Table 3 . In a constant range of operating current density from 0.02 to 0.06 A/cm 2 , the output voltage decreases from 0.3556 V to 0.0768 V for Case 1, and from 0.4638 V to 0.2092 V for Case 2. For both cases in Fig.   4 , the increase of current density gives a significant discount in output voltage, which is even larger than 50%. It indicates that the operational performance of the DMFC system can be significantly affected by the overpotential effect.
Results and discussions

Large voltage variation in unoptimized operations
Such a huge voltage variation is normally beyond the input limit of voltage stabilizers, the operation strategy is therefore in great need to minimize the voltage variation to a desired degree.
Optimized operations
The key point of operation strategy is to minimize the voltage deviation It is of interest to notice in Fig. 4 (bottom) that the voltage deviation can be obviously decreased to less than 20% using the adaptive operation strategy, with an operational adjustment imposed at the current density of 0.04 A/cm 2 .
Compared with the regular optimization that provides only one set of operating conditions, a real-time control of operating parameters by adaptive optimization can be an effective approach to make the voltage deviation be constrained in a desired range. The adaptive optimized I-V curve was composed by the gentle- It is obvious that a sharp voltage decrease can be largely subsided using the connected I-V curves, and this type of real-time control of operating parameters could be considered as "optimized flexible operations".
Numerical analysis
Numerical analysis was performed to answer the question "How does the adaptive optimization work on the enhancement of voltage stability in DMFCs?". Simulations were carried out using the proposed 3D numerical model [23] . The operating conditions were chosen to be the same as that for Fig. 4 (bottom) in Section 3.2. (more discussion is available in [21, 23, 27] ). For the regular case, the overall color temperature of each figure becomes increasingly low as the current density increases from 0.02 to 0.04 and to 0.06 A/cm 2 ( Fig. 5 (a-c) ). It indicates that the methanol concentration decreases with the increase of current density, as the flux of methanol solution is constant for the given operating condition, this result agrees with the physical fact that a larger power generation is normally based on a higher fuel consumption. A similar result can be also found in the adaptive case. However, as the adaptive optimization imposes an adjustment of operating parameters, there are two figures (e, f) at the current density 0.04 A/cm 2 indicating the change of methanol concentrations before and after the adjustment. It can be found that the adaptive adjustment has caused a significant decrease of methanol concentration, which results in a sharp increase of voltage at 0.04 A/cm 2 for the adaptive case in Fig. 4 (bottom) . At a low current density 0.02 A/cm 2 , the methanol concentration for the adaptive case ( Fig. 5 (d) ) is much higher than that with regular optimization (Fig. 5 (a) ), but the situation reverses when a high current density 0.06 A/cm 2 is reached.
Quantitative analysis about the methanol concentration distributing on the interface plane between the diffusion and catalyst layers is summarized in Fig. 6. As the current density increases from 0.02 to 0.06 A/cm 2 , the facet average of methanol concentration gradually decreases from 0.3 to 0.17 mol/L for regular case, while it declines sharply from 0.63 to 0.08 mol/L for the adaptive one ( Fig.   6 (a) ). A slump occurring at 0.04 A/cm 2 for adaptive case is caused by the adjustment of operating conditions that has already been demonstrated in Fig.   4 (bottom) and 5. It is also of importance to notice that the slope of decrease for facet average of methanol concentration can be significantly modified by the adjustment. Compared to the regular case, it decreases much faster for the adaptive one before the adjustment, but a slower decrease can be achieved after the adjustment. It suggests that the adaptive optimization could effectively modulate the methanol consumption rate inside the DMFC system to improve the energy conversion process. The regulation effect of adaptive optimization can be also found in the result of standard deviation of methanol concentration ( Fig. 6 (b) ) that can be regarded as a measurement of uniformity. It implies that the adjustment proposed by the adaptive optimization can markedly regulate the distribution of methanol concentration inside the DMFC system. The above results have shown, in both qualitative and quantitative way, that the adjustment of operating parameters proposed by adaptive optimization is an effective way to regulate the methanol consumption inside a DMFC system. This is highly beneficial for the maintenance of voltage stability of the DMFC system that is required to work in a large range of current density. It is known to all that the DMFC system could provide a relatively stable voltage when it works at the "ohmic loss" range in one I-V curve. The adaptive optimization strategy provides us a method to search and to integrate pseudo "ohmic loss" sections in different I-V curves (which takes a small slope of voltage decrease as current density increases), to ensure the demanded voltage stability and to meet various requirements from DMFC users.
On-demand adaptive operations
Experimental validation
Experimental work has also been carried out to study the effects of adap- would be introduced by manual operations, the system response to the manual adjustment of operation conditions need to be taken into account.
System response to adjustments
The adjustment of operating parameters can be regarded as a systematic disturbance to an operating DMFC. As such a disturbance could bring out negative effects to the system stability, the response of DMFC system to those operational adjustments is inevitable for the evaluation of the effectiveness of the adaptive operation strategy. Preliminary study about the system response was then carried out based on the customized DMFC stack (as described in Section 3.5). The change of output voltage, which can be regarded as a measurement of system stability, is recorded and analyzed as the operating parameters were adjusted. in which the input air flow rate F A was decreased from 500 to 100 ccm, the methanol solution flow rate F M was decreased from 3.0 to 1.0 ccm and the other two operating parameters were kept at T = 328 K, C M = 0.5 M . It implies that the DMFC system can rapidly respond to the operational adjustment, no matter one or two operating parameters was changed. Such a rapid response of DMFC system to the change of operating parameters ensures the applicability of the proposed adaptive operation strategy, to some extent. However, compared to the input methanol concentration and the operating temperature, the flow rates of input air and the feed solution are relatively easy to be modulated with manual operations. A specific operating system for automatic adjustments can be highly beneficial for the implementation of adaptive operation strategy, which will be considered in our future work.
Conclusions
Concentrating on the problem of voltage instability, an adaptive operation strategy was successfully developed for on-demand control of DMFC systems to enhance the voltage stability in operating DMFC systems. The procedure of strategy developing has been discussed in details in the present study, and the feasibility and superiority of the proposed operation strategy have been systematically studied using both experimental and numerical techniques. The main findings in the present study can be summarized as follows, 1) Large voltage variation was frequently observed in the experiments using a typical DMFC stack. Although it can be decreased by a regular optimization method to a certain degree, it still needs improvements to avoid additional energy loss caused by the process of voltage stabilization. The adaptive optimization strategy can be a potential solution, as it could effectively decrease the voltage variation according to user's requirements by introducing certain operational adjustments.
2) On-demand DMFC operations, such as providing a smaller voltage deviation or a larger operating current density, was shown to be able to fulfilled by the adaptive optimization strategy. The adaptive optimization strategy provides a method to search and to integrate pseudo ohmic loss sections in different I-V curves to ensure the demanded voltage stability in flexible operations.
3) Numerical results were provided to study the underlying mechanisms of the adaptive optimization strategy, as the adjustment of operating parameters proposed by adaptive optimization strategy can be an effective way to regulate the methanol consumption inside the DMFC system. Experimental work was also carried out to validate the effects of adaptive operation strategy on the voltage stability in an operating DMFC system. A rapid response of DMFC system to the change of operating parameters (i.e. operational adjustment) was experimentally observed, which ensures the applicability of the proposed adaptive operation strategy.
